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ABSTRACT 
 
 
Unconventional resources are experiencing boom development in North America and beyond, with an urgent need for quick, 
reliable production forecasts. Grouped decline analysis has been used for decades in the conventional space. For 
unconventionals, just enough production history is available to show that this method in its traditional form (Arps) is often 
inadequate, and that a better model is needed. Several new models and adaptations have been proposed in the last few years.  
 
In this study we look at plays with some of the longest production histories. We determine which models meet the following 
three criteria: they accurately forecast the latest production data, they are in agreement with the prediction from an analytical 
reservoir model, and they are justified by decline-analysis diagnostics. Specifically, we compare the (Modified) Hyperbolic 
and (Modified) Duong models for one group of wells in each of the Barnett, Woodford, Jonah and Bakken plays. We suggest 
specific models to use depending on the play and on the amount of available production history. We propose terminal decline 
rates that are significantly higher than the 5% figure often used in the industry. 
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Abstract 
 
Unconventional resources are experiencing boom development in North America and beyond, with an urgent need for quick, 
reliable production forecasts. Grouped decline analysis has been widely used for decades in the conventional space. For 
unconventionals, just enough production history is available to show that this method in its traditional form (Arps) is often 
inadequate, and that a better model is needed. Several new models and adaptations have been proposed in the last few years.  
 
In this study we look at plays with some of the longest production histories. We determine which models meet the following 
three criteria: accurately forecast the latest production data, be in agreement with the prediction from an analytical reservoir 
model, and be justified by decline-analysis diagnostics. Specifically, we compare the (Modified) Hyperbolic and (Modified) 
Duong models for one group of wells in each of the Barnett, Woodford, Jonah and Bakken plays. We suggest specific models 
to use depending on the play and on the amount of available production history. We propose terminal decline rates that are 
significantly higher than the 5% figure often used in the industry. 
 
 
Introduction 
 
Unconventional resources include tight oil, tight gas, shale gas and coalbed methane – reservoirs with very low permeabilities 
and flow rates that in the past made them uneconomic to exploit. That changed, first with hydraulic fracturing to enhance 
permeability, and again with horizontal drilling to laterally extend the drainage area of the well. In the US, unconventionals 
now account for about a third of all oil production and two thirds of natural gas production (EIA 2013). The industry is looking 
to repeat this success story in the rest of the world.  
 
With the surge in exploitation of unconventionals comes the need for forecasting production and estimate ultimate recovery 
(EUR) to guide investment decisions and regulatory reserves reporting. A quick and widely used method is decline curve 
analysis (DCA), which can be applied to individual wells as well as groups of wells. In DCA, an empirical model is fitted to 
the data and extrapolated into the future for forecasting. That model has traditionally been the Arps model (Arps 1944):  
 
𝑞(𝑡) =
𝑞𝑖
[1+𝑏𝐷𝑖𝑡]
1
𝑏
     ...................................................................................................................................................... [1] 
𝐷(𝑡) =  −
𝑑𝑞/𝑑𝑡
𝑞
     ...................................................................................................................................................... [2] 
𝑏(𝑡) =
𝑑
𝑑𝑡
1
𝐷
     ............................................................................................................................................................. [3] 
 
In this hyperbolic model, qi is the initial value of the flow rate q(t), Di is the initial value of the (effective) decline rate D(t) (or 
slope on a semilog rate/time plot), and b reflects a changing decline rate (slope) over time, creating a concave appearance on 
the semilog plot (Long & Davis, 1988). For b = 0, this equation becomes an exponential (D constant). Arps observed b values 
between zero and one (included). Long after this model was widely adopted, Fetkovich (1996) gave it physical foundation by 
mathematically deriving the Arps exponential equation for systems of low compressibility, boundary-dominated flow (BDF, 
i.e. unchanging well drainage area), and stable operating and reservoir conditions. 
 
While Arps is often used in unconventionals, these Fetkovich assumptions are actually not valid in unconventionals. First and 
foremost, the low-permeability conditions create long-duration transient flow (Lee & Sidle 2010), where the drainage area is 
expanding and temporarily sustaining high b values (Berman 2011) and therefore causing optimistic Arps forecasts. Values of 
b greater than one are often observed, which is physically impossible unless the data is in transient flow (Fetkovich 1987, 
1996). Blasingame & Rushing (2007) and Ilk et al. (2008) found that the best-fit value of b tends to decrease over time. Lee & 
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Sidle (2010) show that for as long as b>1, cumulative production is increasing with no physical limit, which is another 
indication that any b>1 is transient only. A second important violation of the Arps assumptions is that the bottomhole pressure 
(BHP) can drop significantly in the very early well life, which can, again, create artificially high  b values and optimistic Arps 
forecasts (Berman 2011).  
 
DCA is not the only potential method to estimate EUR. Alternative methods are based on type curves, volumetrics, material 
balance, analogies, numerical or analytical models. However, unconventional reservoirs are poorly understood. Therefore, 
applying any of these methods is problematic, and the results include significant uncertainty (Lee & Sidle 2010). DCA remains 
widely used and misused for estimating EUR in unconventionals (Berman 2011, Okouma 2012). 
 
Several attempts have been made to resolve the issue of Arps’ at times unrealistic long-term decline behaviours. Long & Davis 
(1988) described the practice of switching the initial hyperbolic to an exponential tail at a predetermined fixed decline rate, 
when that decline rate is reached. A 5% terminal decline rate is often used in shales (Joshi & Lee 2013). This composite model 
is nowadays referred to as Modified Hyperbolic. Valkó (2008) and Ilk et al. (2008, 2009) each independently proposed similar 
models which are intended to model transient and transitional flow and have a finite EUR. Duong (2010) proposed a model to 
fit infinite-lasting linear flow and other rate/time power relationships:  
 
𝑞(𝑡)
𝐺𝑝(𝑡)
= 𝑎𝑡−𝑚     ........................................................................................................................................................ ..[4] 
 
where Gp is cumulative production, and the constants a, m are chosen to fit the production data – m may be different from the 
theoretical value of one to reflect field conditions.  
 
𝑞 = 𝑞1𝑡(𝑎, 𝑚) + 𝑞𝑖𝑛𝑓      ............................................................................................................................................ [5] 
 
where t(a,m) is a function defined in Duong 2010, and qinf  is a term added by Duong for purely empirical reasons but some 
authors question its usefulness and do not use it (Joshi & Lee 2013).  
 
Okouma (2012) hinted that Duong could be modified to account for BDF. Joshi & Lee (2013) proposed the Modified Duong 
composite model where an initial Duong segment switches to a hyperbolic tail at a point in time when the effective decline rate 
reaches an arbitrary value (5%). For the tail segment they chose b = 0.4 as proposed by Fetkovich (1996) for a gas well with a 
flowing bottomhole pressure (BHP) of 10% of the reservoir pressure (b = 0.33 for oil).  
 
As sophisticated as some of these models may sound, they are all empirical. Ilk and Okouma warn against applying a single 
DCA model to various unconventional plays (Ilk et al. 2008, Okouma et al. 2012). Instead, diagnostics should be used (and are 
used in this paper) to identify the observed flow regimes and to select a model whose equations are appropriate for the flow 
regimes identified (Okouma 2012).  
 
This paper follows the approach taken by for instance Meyet et al. (2013). Instead of starting the tail of the composite models 
at some arbitrary point in time as described above, our objective is to identify the start of BDF if possible and use that as the 
cue to start the tail. BDF in the strict sense occurs when the well drainage area has reached the reservoir physical boundaries. 
In ultra-low-permeability reservoirs this takes such a long time that it may never be observed in the economic life of the well 
(Joshi & Lee 2013). A multistage-fractured horizontal well will intersect multiple fractures (or fracture networks), whose 
drainage areas will expand until they interfere. This can create an apparent BDF effect (Figure 1) that occurs earlier in the life 
of the well (Joshi & Lee 2013). For the purpose of this study, BDF refers to this fracture interference. 
 
In this paper we will look at plays with some of the longest production histories, to determine which models meet the 
following three criteria: accurately forecast the latest production data, be in agreement with the prediction from an analytical 
reservoir model, and be justified by DCA diagnostics. Specifically, we will visually compare the (Modified) Hyperbolic and 
(Modified) Duong models with various tail segments. These methods are evaluated for one group of wells in each of the 
Barnett, Woodford, Jonah and Bakken plays, covering the gamut of shale gas, tight gas and tight oil. 
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  FIGURE 1 – FLOW REGIMES IN ANALYTICAL SIMULATION OF MARCELLUS WELL 
 
 
 
 
TABLE 1 – TYPE WELL SELECTION 
 
Methodology 
 
Data Selection – Publicly reported monthly well production data were obtained from the HPDI database – pressure data were 
generally not available. For each of four plays with long production histories, one group of wells was selected (Table 1). Input 
parameters were narrowly defined to maximise uniformity within the well group – uniformity in terms of geology, drilling and 
completions. Group sizes were limited to the approximately 30 longest-producing wells whose production histories passed a 
visual inspection for evidence of re-fracturing and influence of stimulation of an offset, as per the Arps assumptions. This 
deterministic approach (one group per play) is motivated by the limited number of wells with long production histories. Next, 
four type wells were created by averaging the production histories (post-peak, and capped to the shortest history in the group) 
of the wells within each group, in such a way that each well was given equal weighting (refer to Appendix B). 
 
Geology and Completion Practices – These were researched specifically for each type well, i.e. completion practices of the 
time and operator, geology of the (part of the) field wherever possible, to serve as inputs for the analytical model (Table 2).  
 
The Barnett wells lie in the core area of the Texas Barnett shale, in the Newark East field, covering parts of Wise and Denton 
counties (map in Appendix B). This area covers both the dry and wet gas window. In this area, the Barnett shale thickens to 
over 400ft and includes two separate members which are organic-rich with a high adsorbed gas content. Natural fractures are 
common and healed but can be reactivated during completions (Bowker 2005). The wells are single laterals completed in 
multiple stages using cluster-perforated casing that was either cemented (4x1 to 3x2 clusters x stages) or openhole (4-5 
perforation clusters 500 ft apart in an attempt to create overlapping cluster fracture networks). Cemented completions were 
expensive, plugged natural fractures, and were eventually replaced by uncemented completions (Fisher 2004, Dong 2013) and 
both types are likely represented in our type well. 
 
The Jonah tight wet gas wells lie in the Jonah field, Wyoming. These multistage-fractured vertical wells target many sand 
bodies in the fluvial sandstones of the 2500 ft thick overpressured Lance formation. Natural fractures may not contribute to 
production (Robinson 2004).  
 
The Woodford shale gas wells lie in the dry-gas section of the Arkoma basin, southeast Oklahoma. Completion and 
stimulation practices in this basin have generally mirrored practices pioneered in the Barnett (Vulgamore 2007). 
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    TABLE 2 – ANALYTICAL MODEL INPUTS (SUMMARISED FROM APPENDIX C) 
 
 
 
FIGURE 2 – EFR ANALYTICAL MODEL OF BARNETT TYPE WELL (PLAN VIEW) 
 
The Bakken tight oil wells lie in the northwestern part of the Elm Coulee field, Montana. The wells target the Middle Bakken 
formation, a silty carbonate which has a relatively high porosity compared to the Upper and Lower Bakken shales which 
sandwich it in most of the Williston Basin. The Upper and Lower (the latter absent at Elm Coulee) member are the source rock 
for the Middle member. Elm Coulee is a stratigraphic trap between the updip pinch-out of the Middle member and the seal of 
the Upper Bakken shale. Production is driven by rock and fluid expansion (Walker 2006). The wells are single laterals, 
openhole multistage completions with pre-perforated liner intended to create fracture clusters. Swellable packers had just been 
introduced for a more even stimulation along the wellbore, but fracture diversion yet had a long way to go (O’Brien 2012).  
 
Analytical Model – The purpose of this model is to predict future production for each of the type wells, beyond the available 
production history. The idea is to visually compare this prediction to the forecasts by the various DCA models, in order to 
determine the most appropriate DCA model. The analytical model used is the Fekete EFR model (Enhanced Fracture Region), 
discussed by Stalgorova (2012). This model accounts for fracture branching in a horizontal well, assuming a zone of improved 
permeability around each hydraulic fracture while the rest of the rock between these zones remains unstimulated (Figure 2). 
This model seems appropriate for all of these plays, which either have frac clusters or natural fractures intersecting the 
hydraulic fractures. The EFR analytical solution is essentially the solution given in Brown (2009) applied to a different 
reservoir configuration (separated instead of touching enhanced frac regions). The model accounts for different flow regimes: 
early bilinear flow within the fractures, linear flow from SRV (Stimulated Rock Volume) to fractures, linear flow from non-
SRV to SRV, and BDF.  
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Among the analytical-model inputs (Table 2), least well-known are the permeability and dimensions of the EFR and the 
pressures. These parameters were varied until a decent history match was obtained for the rate. (A screenshot of the match for 
each play is available in Appendix F.) The lack of pressure data creates uncertainty in the analytical models, and this is often 
substantial, depending on the play. For instance, in the Barnett, yearly measurements of FTP (flowing tubing pressure) were 
found for some of the wells over a period of five to six years, and averaged out for use in the model. For the other plays a 
constant FTP (inferred from analogs) was used for the final history match. (More realistic declining pressure profiles were 
tried, but the uncertainty remained.) The Bakken model did not history-match unless artificial lift was assumed. Further 
evidence of artificial lift includes beam pumps visible in satellite imagery for some wells, simulations for operator’s other 
Bakken wells specifying 1000 psi BHP, artificial lift being included the operator’s cost breakdown for new Bakken wells. We 
acknowledge that the assumption of 1000 psi BHP for all wells and all times may over-simplify the Bakken model.  
 
DCA diagnostics – Diagnostic plots based on the entire available production history are used to select the most appropriate 
(i.e. likely successful) model among the different DCA models, as illustrated in what follows.  
 
 
 
Barnett – Results: 
 
 
 
 
 
 
 
FIGURE 3 – DCA DIAGNOSTICS (BARNETT) 
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FIGURE 4 – FORECASTS AFTER 8.6 YEARS OF PRODUCTION HISTORY (BARNETT) 
 
 
 
FIGURE 5 – HINDCASTS AFTER 4 YEARS OF PRODUCTION HISTORY (BARNETT) 
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Barnett – Interpretation: 
  
1. In a loglog rate/time diagnostic such as in Figure 3, BDF will show as a unit slope or steeper (b < 1), as explained in the 
introduction. The loglog diagnostic in Figure 3 therefore suggests that the well flow regime enters BDF around 1500 days. 
Earlier in the well life linear flow can be observed (b=2 as per Kupchenko 2008). 
2. In an FMB (Flowing Material Balance) plot such as in Figure 3, BDF will show as a final straight line, as it does here . 
3. In a bD diagnostic such as in Figure 3, the parameters b, D are calculated as per equations 2, 3 and plotted versus time. In 
wells where the underlying flow regimes behave according to a true Arps Hyperbolic model, the b trend in the plot will 
stabilise over time and D will keep falling. (The reverse is true for exponential behaviour.) BDF requires b to stabilise at 
or below one or to trend downward to zero. The bD diagnostic in Figure 3 suggests that over time b stabilises at or just 
below one. It is possible that b is headed lower and that this is covered up in the plot by end effects in the Bourdet 
derivative, but this is not evident from the D trend. D keeps falling which suggests a near-exponential model may be less 
likely. The range of possible b values is consistent with BDF. We conclude that future data will likely fall between a lower 
bound and an upper bound, being the exponential (b=0) and hyperbolic (b=1) forecasts based on these 8.6 years of data.  
4. The (original) Duong model requires relationship [4] to be valid. This relationship plots as a straight line on loglog axes. If 
this is not the case, Duong is simply not an appropriate model for the wells – this will for instance happen in the event of 
BDF. On the Duong diagnostic in Figure 3 the strict straight line ends around 1500 days. This suggests the (original) 
Duong model is not appropriate, which is not a surprise as the Duong model does not model BDF. An allowance can be 
made for a Modified Duong model with a tail segment starting no later than about 1500 days.  
5. An analytical model yields an analytical solution q(t) which is an approximation of reality. This future decline of the EFR 
analytical model can be visually compared to the forecasts of various DCA models (Figure 4). The DCA model that is the 
closest visual match can be seen as the most appropriate model, to the extent the analytical model is reliable (refer to the 
earlier discussion about the lacking pressure data). In Figure 4 the Modified Hyperbolic (Dswitch = 8%) was found to be a 
closer visual match than any other model. Note the slight curvature of the analytical model tail – also present in the 
Woodford gas type well discussed further in this study. This curvature suggests that the Modified Hyperbolic (Dswitch = 
8%) may be further improved by using a b value greater than zero for the tail segment, creating a 2-segment Hyperbolic.  
6. When hindcasting, the production history up to a certain point in time is used to forecast. The remaining, later production 
data are not used to generate the forecast, but they can be visually compared to the forecast to assess its performance 
(Figure 5). Often more remaining history is desired than what is available. In such cases the analytical model can be used 
as the reference for comparison (as we did for the Barnett) or alternatively a DCA model could be used if deemed more 
reliable. If we hindcast the Modified Hyperbolic (Dswitch = 8%) model, which we previously selected as the most 
appropriate model based on 8.6 years of history, we find that it does not perform well if only 4 years of production history 
have passed: in Figure 5, Modified Hyperbolic (Dswitch = 8%) does not match the later production data, nor does it even 
fall within the bounds defined above. We can see that Modified Duong (Dswitch = 10%) would have been a better choice in 
this case. In fact no model was found to hindcast within the bounds consistently over time (Appendix D), implying none 
of these DCA models ‘works’ for the Barnett type well. The most appropriate model to use varies with the amount of 
production history. Using Table 3 seems to be the only viable DCA strategy for the Barnett type well. 
 
 
Jonah – Interpretation: 
 
1. The semilog rate/time diagnostic (Figure 6) shows a bump around 2500 days which was traced back to a pressure drop in 
the surface facilities (refer to Appendix E). Following this event the rate gradually settles down to resume its original 
trend – a typical pressure response. Ignoring these non-reservoir effects, BDF is observed starting around 450 days, 
followed by a decline that looks strongly exponential at a constant decline rate of about 18-19% for the remaining 10+ 
years of production history. An exponential decline is indeed compatible with BDF. Harrell (2004), speaking from 
personal experience, notes that tight gas wells often exhibit a hyperbolic decline that is often mistaken for an exponential 
decline. A decade of production history confirms that the decline of this Jonah type well is practically exponential. 
2. The FMB plot shows a straight line, which is further evidence of BDF. 
3. On the bD diagnostic, the overall downward b trend suggests exponential or near-exponential decline behaviour. The 
disruption of the trend coincides with the pressure event discussed above. D may stabilise over time, in line with 
exponential decline. 
4. The Duong diagnostic shows that the conditions for the (original) Duong model do not apply for this type well (this will 
be further illustrated by Figure 7). In the Duong diagnostic of Figure 6, various straight-line interpretations are possible; 
one of them is that the initial production data follow a straight line for about 400 days, which would confirm our earlier 
interpretation of BDF starting around 400 days.  
5. An analytical model was not finalised for this type well due to the time intensity and higher priority of the other models. 
6. Not only is the Exponential model appropriate for 11.6 years of production history, the model also hindcasts well for any 
reasonable amount of production history, which is very different from what we observed for the Barnett (Table 3). 
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Jonah – Results: 
 
 
 
 
 
FIGURE 6 – DCA DIAGNOSTICS (JONAH) 
 
 
FIGURE 7 – FORECASTS AFTER 11.6 YEARS OF PRODUCTION HISTORY (JONAH) 
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Woodford – Results: 
 
 
 
 
 
FIGURE 8 – DCA DIAGNOSTICS (WOODFORD) 
 
FIGURE 9 – FORECASTS AFTER 5.7 YEARS OF PRODUCTION HISTORY (WOODFORD) 
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Woodford – Interpretation:  
 
1. The loglog diagnostic (Figure 8) shows no clear evidence of BDF. The later data approximately follow a straight line of 
slope 0.68, corresponding to b=1.47. In physical terms, according to Hough (2011), a flow regime with a constant b 
between one and two represents a combination of two concurrent processes: fracture depletion (b<1) and a recharging 
linear flow from the matrix (b=2). 
2. Because the FMB diagnostic offered no insight as to whether BDF is reached, a specialised plot analogous to the square 
root of time plot was used (Figure 8). A straight line can be roughly interpreted, suggesting that b is a constant 1.47 or 
dropping off slightly over time. 
3. The bD diagnostic confirms these observations 
4. The Duong diagnostic suggests that the Duong model may be a suitable model. 
5. Because of the lacking Woodford pressure data, there is considerable uncertainty associated with the analytical Woodford 
model. Through history matching FTP was determined to be about 1000 psi, but 1200 psi is possible as well. The 
difference between the forecasts based on these two pressures is significant (Figure 9). The difference in EUR is 7% 
(remaining EUR: 20%), and could be higher for a wider range of pressures or a different pressure profile over time.  
6. For almost every model we see decent hindcasting of this Woodford type well for varying amounts of production history.  
In the Woodford it seems to be less of a necessity than in the Barnett to carefully choose the DCA model depending on the 
available production history. Yet it is probably still beneficial to do so. Table 3 lists the most appropriate DCA model for 
various amounts of production history of the Woodford type well. For instance, for 5.7 years of production history (Figure 
9) it is Modified Duong (Dswitch = 15%) which coincides best with the analytical-model forecast (1000 psi FTP).  
 
 
Bakken – Interpretation: 
 
1. The loglog diagnostic (Figure 10) is inconclusive as to whether the flow regime starting around 700 days is a hybrid flow 
regime as discussed for the Woodford, or a slow transition to BDF. 
2. Because the FMB diagnostic offered no insight as to whether BDF is reached, a specialised plot was used and it suggests 
that BDF may not have been reached yet. 
3. The bD diagnostic suggests that b stabilises between 1 and 2, after roughly 700 days, while D keeps falling. This suggests 
that a hybrid flow regime is more likely than an exponentially or near-exponentially declining flow regime. 
4. The Duong diagnostic suggests that Duong may be an appropriate model. 
5. As discussed earlier, the Bakken analytical model has perhaps the most significant amount of uncertainty associated with 
it. It does not match the latest production data very well either (Figure 11). Also, it falls significantly below the 
exponential model which is almost impossible even in the event the exponential was poorly applied. For all these reasons, 
the analytical-model forecast is disregarded. Note that the problem is not necessarily the analytical model; the type well 
itself could be flawed depending on how artificial lift was used. Note that any conclusions for this type well will only 
apply to other Bakken wells to the extent they are analogous in terms of artificial lift.  
6. For 5.7 years of history, the (Modified) Hyperbolic models seem to fit the late data better than the (Modified) Duong 
models. Since the Bakken analytical model does not seem to be a reliable guide for model selection, we will have to use as 
a guide the various DCA models based on the full 5.7 years of history. These represent a range of possibilities of how the 
type well production will further decline. As the lower bound we choose the Exponential model (Hyperbolic with b=0) 
based on 5.7 years of production. As the upper bound we choose the highest-predicting model based on 5.7 years of 
production: Duong. The results of this hindcasting exercise are again found in Table 3. A more precise selection would 
require a high-confidence analytical model based on pressure data. 
 
 
 
 
TABLE 3 – SUGGESTED DCA MODELS, BY AMOUNT OF PRODUCTION HISTORY 
(COMPARISON PLOTS IN APPENDIX D) 
 
Two additional observations can be made from the study of these different plays. In the industry, a terminal decline rate of 5% 
is often used. The evidence presented in this study suggests that 5% may be too low in most cases (Table 3). It also suggests 
that a 5% terminal decline rate implies a switch time (start of the tail model segment) of roughly 15-20 years and that this is 
definitely too late in cases where BDF was observed (refer to hindcast plots such as Figure 7).  
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Bakken – Results: 
 
  
 
 
 
FIGURE 10 – DCA DIAGNOSTICS (BAKKEN) 
 
 
 
FIGURE 11 – FORECAST AFTER 5.7 YEARS (BAKKEN) 
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FIGURE 12 – EUR20 FOR DIFFERENT MODELS, PLAYS, AND PRODUCTION HISTORIES 
 
 
DCA Sensitivity to Incremental Production History: 
 
One insight gained from this study so far is that a single DCA model will be more or less successful as the production history 
grows over time. This prompts the question: how does this affect estimated reserves? To answer that question, 20-year post-
peak cumulative production (EUR20) was calculated for each type well from the hindcasts obtained earlier. EUR20 serves as a 
proxy for reserves. The results are shown in Figure 12 and lead to the following observations: 
 
 The use of a 5% terminal decline has virtually no effect on EUR20. This reflects the late switch times (15-20 years) 
associated with this terminal decline rate for the plays studied here. 
 EUR estimates tend to fall over time for most models in most plays (just as b values often do). This makes any single 
model unsuited for SEC reserves reporting. The Securities Exchange Act of 1934 states: “Proved oil and gas reserves are 
the estimated quantities of crude oil, natural gas, and natural gas liquids which geological and engineering data 
demonstrate with reasonable certainty to be recoverable in future years from known reservoirs under existing economic 
and operating conditions [...] The concept of reasonable certainty implies that, as more technical data becomes available, 
a positive, or upward, revision is much more likely than a negative, or downward, revision.” One solution to this problem 
is the combined use of different models: hindcasting can reveal the range of uncertainty of the obtained EUR and suggest 
what a high-confidence EUR estimate may be. Another solution is to use probabilistic type wells. 
 If a model does yield the desired stable estimate, there is no guarantee it actually fits the production data (refer to hindcast 
plots in Appendix D). 
 Forecasts based on 5+ years of production history, even after elimination of some of the models less appropriate for the 
play, still seem to have 10-15% EUR20 uncertainty. When comparing this percentage against the percentages discussed 
under the Woodford analytical-model forecasts, it seems that the uncertainties associated with DCA and analytical-model 
forecasts are of a similar order of magnitude. Fairly precise inputs (pressure data) may be required for the analytical model 
to provide more reliable forecasts than DCA. 
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Conclusions 
 
 We selected the most appropriate DCA model for type wells in different unconventional plays.  
 The play but also the amount of production history determines the choice of the model. 
 This approach significantly improves DCA forecasting accuracy in unconventionals, compared to using any specific DCA 
model – for these type wells and for analog wells. Testing is needed to determine how restrictive the analogy should be. 
 A terminal decline rate of 5%, widely used in the industry, seems insufficient for most of the cases studied here. 
 EUR20 estimates tend to fall over time for most models in most plays, making any single model unsuited for SEC 
reserves reporting. Even if a model does yield a stable estimate, there is no guarantee it actually fits the production data. 
 The amount of uncertainty associated with analytical models and DCA may be of the same order of magnitude unless the 
inputs for the analytical model are well known. 
 
 
Nomenclature 
 
b Hyperbolic exponent 
D Decline rate. Reciprocal of loss ratio 
Di Initial decline rate 
Dswitch Initial decline rate of the tail segment of a composite model 
DCA Decline Curve Analysis 
EFR Enhanced Fracture Region analytical model 
EUR Estimated Ultimate Recovery 
EUR20 Estimated Ultimate Recovery capped to 20 years (post-peak in this paper) 
FMB Flowing Material Balance  
FTP Flowing Tubing Pressure 
FWHP Flowing Well Head Pressure 
Gp Cumulative gas production (as a function of time) 
Hyp Hyperbolic model 
M-Duong: Modified Duong model 
M-Hyp Modified Hyperbolic model 
m Time exponent for Duong model 
q, qg, qo Flow rate 
qi Initial rate coefficient for Arps’ decline models 
q1 Initial rate coefficient for Duong model 
SEC Securities and Exchange Commission (US) 
SRV Stimulated Rock Volume 
t Production time passed since peak rate, also called normalised time 
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APPENDIX A – LITERATURE REVIEW  
 
 
 
TABLE A.1 – LITERATURE MILESTONES IN DCA FOR UNCONVENTIONALS 
SPE 
Paper # 
Year Title Authors Contribution 
945228 1945 “Analysis of Decline 
Curves” 
J.J. Arps Proposed an empirical decline-curve-analysis 
method which became the standard for 
conventional resources 
13169 1987 “Decline Curve Analysis 
Using Type Curves” 
M.J. Fetkovich, 
M.E. Vienot, 
M.D. Bradley, 
U.G. Kiesow 
Argued that a best fit for Arps’ b value equal or 
greater than one is not physically acceptable 
and can be explained by the data being in 
transient (or heterogeneous) flow regime 
28628 1996 “Useful Concepts for 
Decline Curve Forecasting, 
Reserve Estimation, and 
Analysis” 
M.J. Fetkovich,  
E.J. Fetkovich, 
M.D. Fetkovich 
Mathematically derived Arps’ empirical 
exponential equation for systems of low 
compressibility and subject to certain 
conditions.   
116731 2008 “Exponential vs. Hyperbolic 
Decline in Tight Gas Sands 
– Understanding the Origin 
and Implications for Reserve 
Estimates Using Arps’ 
Decline Curves”  
D. Ilk, 
J.A. Rushing,  
A.D. Peregro,  
T.A. Blasingame 
First to show that the best-fit value of b tends to 
decrease for a given well as its production 
history grows. This is further evidence that any 
b>=1 is not the final value. Also, they proposed 
an empirical DCA model totally different from 
Arps’, applicable in both transient and 
stabilised flow regimes, and having a finite 
EUR. 
119369 2009 “Assigning Value in the 
Barnett Shale: a 
Simultaneous Analysis of 
7000 Plus Production 
Histories and Well 
Completion Records” 
P.P. Valko Proposed – independently from Ilk et al. – 
another empirical decline-curve-analysis 
method totally different from Arps’, applicable 
to both transient and stabilised flow regimes, 
and having a finite EUR. 
 
137748 2010 “An Unconventional Rate 
Decline Approach for Tight 
and Fracture-Dominated Gas 
Wells” 
A.N. Duong Proposed an empirical DCA model for long-
duration linear flow (non-BDF) 
 
162910 2012 “Practical Considerations for 
Decline Curve Analysis in 
Unconventional Reservoirs – 
Application of Recently-
Developed Time-Rate 
Relations” 
W. Okouma, 
D. Symmons, 
N. Hosseinpour-
Honoozi,  
D. Ilk, 
T.A. Blasingame 
Proposed diagnostic plots to identify potentially 
appropriate decline models.  
163870 2013 “Comparison of Various 
Deterministic Forecasting 
Techniques in Shale Gas 
Reservoirs” 
K. Joshi, 
J. Lee 
Proposed a composite model consisting of a 
Duong model and followed by an Arps model 
to better fit late-time stabilised flow. Argued 
that the empirical term in Modified Duong 
leads to mis-estimation for short production 
histories and is not worth the marginal benefits 
166356 2013 "Comparison of Decline 
Curve Analysis Methods 
with Analytical Models in 
Unconventional Plays" 
Meyet, M., 
Burns, C. 
Dutta, R. 
Proposed the use of observed BDF as an 
indicator to start late modelling (tail segment) 
of Modified Duong 
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SPE 945228 (1945) 
 
Analysis of Decline Curves 
 
Authors: Arps, J.J. 
 
Contribution to the development of DCA in unconventionals:  
Proposed empirical decline-analysis models (hyperbolic, harmonic, exponential) which have become widely used, especially 
for conventional resources 
 
Objective of paper:  
To review the main empirical decline models historically used (pre-Arps). 
 
Methodology used:  
These models were classified in terms of loss ratio versus over time. 
 
Conclusion reached:  
A loss ratio classification is possible, and the most useful models (hyperbolic, harmonic, exponential) were identified. 
 
Comments:  
These models are empirical and the paper says nothing about the conditions under which these models are valid.  
Interestingly, in Arps’ experience 0 < b < 1 in most cases, and usually 0 < b < 0.4. 
 
 
 
SPE 13169 (1987) 
 
Decline Curve Analysis Using Type Curves: Case Histories 
 
Authors: Fetkovich, M.J., Vienot, M.E., Bradley, M.D., and Kiesow, U.G. 
 
Contribution to the development of DCA in unconventionals:  
Argued that a best-fit Arps b value equal or greater than one is not physically acceptable and can be explained by the data 
being in transient flow regime. 
 
Objective of paper:  
To illustrate via real examples Fetkovich’ type curve methodology for decline curve analysis. 
 
Methodology used:  
Argues that b must be bound between 0 and 1 or else the Arps equation extrapolates to infinity.  
Uses a loglog rate/time plot to fit the data to type curves and to predict further decline. Examples were used of wells in 
depletion and in transient flow and matched to the depletion (Arps-based) and transient portions of the type curve.  
 
Conclusion reached:  
Wells in transient flow should be matched to the transient portion of the type curve. Force-fitting them to Arps may  result in 
an impossible b > 1 and overly optimistch forecasts. 
 
Comments:  
Fetkovich has been one of the household names in the industry and showed in this paper how low-permeability stimulated 
wells can be in transient flow and how ignoring this leads to overly optimistic forecasts. Yet, many in the industry ignored this 
knowledge when they started to forecast unconventionals.  (b > 1 values or higher were and still are often extrapolated without 
giving it a second thought “because they fit the data”).  
 
 
 
SPE 28628 (1996) 
 
Useful Concepts for Decline Curve Forecasting, Reserve Estimation and Analysis 
 
Authors: Fetkovich, M.J., Fetkovich, E.J., Fetkovich, M.D. 
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Contribution to the development of DCA in unconventionals:  
Mathematically derived Arps’ empirical exponential equation for systems of low compressibility and subject to certain 
conditions.   
 
Objective of paper:  
To formulate guidelines for decline analysis using the right type curve in the right circumstances. 
 
Methodology used:  
Used material balance equation and assumption of stable backpressure equation to mathematically derive Arps’ exponential 
equation. 
 
Conclusion reached:  
Arps’ empirical exponential equation can be mathematically derived for systems of low compressibility, BDF flow, constant 
BHP, unchanging drainage area and skin. (Also, the authors  created type curves.) 
 
Comments:  
Some of the principles of this paper were pioneered in Fetkovich’ previous work (e.g. SPE-13169). 
 
 
 
SPE 116731 (2008) 
 
Exponential vs. Hyperbolic Decline in Tight Gas Sands – Understanding the Origin and Implications for Reserve Estimates 
Using Arps’ Decline Curves 
 
Authors: Ilk, D., Rushing, J.A., Peregro, A.D., Blasingame, T.A. 
 
Contribution to the development of DCA in unconventionals:  
The best-fit b tends to decrease for a given well as its production history grows, in other words, Arps Hyperbolic tends to 
overestimate reserves. The authors also suggest a new, more reliable model that is based on the loss ratio. 
 
Objective of paper:  
To evaluate the performance (show limitations) of the Arps Hyperbolic model for tight gas sands, and to propose a new model. 
 
Methodology used:  
Used synthetic and field production profiles to calculate Arps hyperbolic bD values over time and forecast reserves using both 
models. 
 
Conclusion reached:  
A constant b  is justified for tight gas but only in the case of BDF. In the absence of BDF, b values tend to drop over time, 
leading to overly optimistic forecasts when the Arps Hyperbolic model is used. The new loss ratio model performs better in 
such cases. 
 
Comments:  
This is another way of saying that the best-fit b tends to decrease for a given well as its production history grows. This is 
further evidence that any b>=1 is not the final value. We also see the use of the bD diagnostic for the first time. 
 
 
 
SPE 137748 (2010) 
 
An Unconventional Rate Decline Approach for Tight and Fracture-Dominated Gas Wells 
 
Authors: Duong, A. 
 
Contribution to the development of DCA in unconventionals:  
Proposed an empirical decline-curve-analysis method for long-duration linear flow (non-BDF). 
 
Objective of paper:  
To establish and illustrate a new DCA model for unconventionals. 
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Methodology used:  
 
Duong uses the example of commonly observed linear flow to derive the following more generalized relationship (i.e. valid for 
any rate/time power relationship, not just than linear flow):  
 
𝑞(𝑡)
𝐺𝑝(𝑡)
= 𝑎𝑡−𝑚 
 
where Gp is cumulative production, and the constants a, m are chosen to fit the production data – m may be different from the 
theoretical value of one to reflect field conditions.  
 
𝑞 = 𝑞1𝑡(𝑎, 𝑚) + 𝑞𝑖𝑛𝑓   
 
where t(a,m) is a function defined in Duong 2010, and qinf  is a term added by Duong for purely empirical reasons. 
 
This model is illustrated by a few examples. 
 
Conclusion reached:  
 
The Duong model seems to model the examples accurately. 
 
Comments:  
The Duong model does not account for BDF. Some authors question the empirical term in Duong. 
 
 
 
 
SPE 162910 (2012) 
 
Practical Considerations for Decline Curve Analysis in Unconventional Reservoirs – Application of Recently-Developed 
Time-Rate Relations 
 
Authors: Okouma, V., Symmons, D., Hosseinpour-Zonoozi, N., Ilk D., Blasingame, T.A 
 
Contribution to the development of DCA in unconventionals:  
The authors warn against applying a single DCA model to various unconventional plays. Instead, they propose a wide array of 
diagnostics to check which DCA models are more appropriate for the flow regimes observed in the play.  
 
Objective of paper:  
Illustration of the use of diagnostics for several examples of plays. 
 
Methodology used:  
The diagnostics (mainly bD, but also loglog rate/time, Duong and beta-derivative) are calculated over time for several groups 
of wells. Observed trends in the parameters are compared to the trends following from the mathematics of the different decline 
models. Any correspondence is seen as evidence that a certain model may be appropriate for the play (and a lack of 
correspondence implies incompatibility between the model and the play). 
 
Conclusion reached:  
(Not applicable) 
 
Comments:  
This paper is partly a repetition of SPE-116731. To the core bD diagnostic (which is the most useful diagnostic) the authors 
added other diagnostics. 
 
 
 
SPE 163870 (2013) 
 
Comparison of Various Deterministic Forecasting Techniques in Shale Gas Reservoirs 
 
Authors: Joshi, K., Lee, J. 
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Contribution to the development of DCA in unconventionals:  
Proposed a composite model called Modified Duong, consisting of a Duong model and followed by an Arps model to better fit 
late-time stabilised flow.  
 
Objective of paper:  
To compare the performance of the Modified Duong model to two established models: Stretched Exponential and Modified 
Hyperbolic at 5%. 
 
Definition of Modified Duong: 
An initial Duong segment switches to a hyperbolic tail at a point in time when the effective decline rate reaches an arbitrary 
value (5%). For the tail segment the authors chose b = 0.4 as proposed by Fetkovich (1996) for a gas well with a flowing 
bottomhole pressure (BHP) of 10% of the reservoir pressure. 
 
Methodology used:  
Predictions are compared in terms of accuracy and precision, i.e. the likelihood that a prediction is within a certain error 
margin is calculated for the different models. This is done for field data, synthetic data, single and grouped wells. 
 
Conclusion reached:  
The Modified Duong model outperforms the Stretched Exponential and the Modified Hyperbolic models if not just accuracy 
but also precision (variability) of the predictions is taken into account, except for  short (<18 months) production histories 
where the Modified Hyperbolic outperforms. 
(The authors also argue that empirical term in Modified Duong leads to mis-estimation for short production histories and is not 
worth the marginal benefits.) 
 
Comments:  
The authors assume 5% terminal decline, but how realistic is this? 
 
 
 
SPE 166356 (2013) 
 
Comparison of Decline Curve Analysis Methods with Analytical Models in Unconventional Plays 
 
Authors: Meyet, M., Dutta, R., Burns, C. 
 
Contribution to the development of DCA in unconventionals:  
Instead of starting the tail of a composite model at some arbitrary point in time, as is widely done the industry, this paper 
proposes to identify the start of BDF if possible and use that as the cue to start the tail segment of the Modified Duong model.  
 
 
Objective of paper:  
To evaluate DCA models by and an analytical model. 
 
Methodology used:  
Diagnostics to identify flow regimes (BDF is cue to start tail segment of model).  
Hindcasting to evaluate DCA models. 
EUR calculations for different fluids, well geometries, well decline. 
Comparison to analytical model. 
 
Conclusion reached:  
Many of the DCA models are suitable for reserves reporting given enough (4+ years of history). 
None of the DCA models mimic the decline behaviour of the analytical model, but the authors acknowledge their analytical 
model has uncertainty associated with it. 
The Modified Duong and PLE models tend to vary the least as production history grows, and other models tend to converge 
around them. 
 
Comments:  
This MSc research project and this paper come to different conclusions with regards to the DCA models’ suitability for 
reserves reporting purposes. 
The Modified Duong implementation in this paper is slightly different from what Joshi & Lee proposed (see ‘Contribution’).  
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APPENDIX B – TYPE WELL CREATION  
 
 
 
   
 
 
FIGURE B.1 – MAP OF BARNETT, WOODFORD, BAKKEN AND JONAH WELLS (TOP LEFT TO BOTTOM RIGHT) 
 
 
 
FIGURE B.2 – DISTRIBUTION OF TOTAL CUMULATIVE PRODUCTION FOR 35 BARNETT WELLS 
Type well averaging - For our particular study, we are interested in the typical decline of a well, not the average decline of 
a group of wells which has implicit weighting (by production) and is therefore affected by outliers (very high and very low 
producers). As shown in Figure B.2, the top 50% producers account for 75% of the group avg and the bottom 50% account for 
just 25%. A quarter of our already small precious population of 35 wells is effectively marginalized. To re-scale all the wells, 
the following scaling factor was used for well i:  
 
desired weighting / implicit weighting = (1/W) / (Qi/Qavg) 
 
where W is the number of wells, Qi is the total cumulative production of well i since the peak rate until present, Qavg is the 
average Qi value of the well population.  
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APPENDIX C – WELL & RESERVOIR CHARACTERISTICS 
 
 
TABLE C.1 – TYPE WELL CHARACTERISTICS (BARNETT) 
 
 
 
TABLE C.2 – TYPE WELL CHARACTERISTICS (JONAH) 
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TABLE C.3 – TYPE WELL CHARACTERISTICS (WOODFORD) 
 
 
 
 
TABLE C.4 – TYPE WELL CHARACTERISTICS (BAKKEN) 
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APPENDIX D – DCA HINDCASTS 
 
 
 
FIGURE D.1 – HINDCASTS AFTER 1 YEAR OF PRODUCTION HISTORY (BARNETT) 
 
 
FIGURE D.2 – HINDCASTS AFTER 2 YEARS (BARNETT) 
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FIGURE D.3 – HINDCASTS AFTER 4 YEARS (BARNETT) 
 
 
 
FIGURE D.4 – HINDCASTS AFTER 6 YEARS (BARNETT) 
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FIGURE D.5 – FORECASTS AFTER 8.6 YEARS (BARNETT) 
 
 
 
FIGURE D.6 – HINDCASTS AFTER 1 YEAR (JONAH) 
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FIGURE D.7 – HINDCASTS AFTER 2.5 YEARS (JONAH) 
 
 
 
FIGURE D.8 – HINDCASTS AFTER 5 YEARS (JONAH) 
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FIGURE D.9 – HINDCASTS AFTER 8 YEARS (JONAH) 
 
 
 
 
FIGURE D.10 – FORECASTS AFTER 11.6 YEARS (JONAH) 
Predicting Decline in Unconventional Reservoirs Using Analytical and Empirical Methods 28 
 
 
 
 
FIGURE D.11 – HINDCASTS AFTER 1 YEAR (WOODFORD) 
 
 
 
FIGURE D.12 – HINDCASTS AFTER 2 YEARS (WOODFORD) 
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FIGURE D.13 – HINDCASTS AFTER 4 YEARS (WOODFORD) 
 
 
 
FIGURE D.14 – FORECASTS AFTER 5.7 YEARS (WOODFORD) 
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FIGURE D.15 – HINDCASTS AFTER 1 YEAR (BAKKEN) 
 
 
 
FIGURE D.16 – HINDCASTS AFTER 2 YEARS (BAKKEN) 
Predicting Decline in Unconventional Reservoirs Using Analytical and Empirical Methods 31 
 
 
 
 
FIGURE D.17 – HINDCASTS AFTER 4 YEARS (BAKKEN) 
 
 
 
FIGURE D.18 – FORECAST AFTER 5.7 YEARS (BAKKEN) 
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APPENDIX E – ADDITIONAL ANALYSES 
 
 
 
North American unconventional plays ranked by years of production history  for the 100 ‘oldest’ wells (suitable for analysis 
and before quality checks): 
 
1. Green River Basin: 14 years’ history for Jonah (Lance) vertical tight gas wells 
2. Barnett: 9 years for horizontal gas wells 
3. Fayetteville: 6 years for horizontal gas wells 
4. Woodford: 5-6 years for horizontal dry gas wells in Arkoma basin 
5. Bakken: 5-6 years for oil and mixed horizontal wells in ND and MT 
6. Marcellus: 4-5 years for gas but unfortunately only in WV 
7. Haynesville: 3-4 years (horizontal gas) 
8. Eagle Ford: 3 years for gas, 2 years for oil (horizontal) 
 
 
 
 
FIGURE E.1 – JONAH REAL-TIME PLOT SHOWS SIGNATURE OF NETWORK PRESSURE DROP 
 
 
 
FIGURE E.2 – ESTIMATING BARNETT TYPE CURVE FTP FROM INDIVIDUAL-WELL FTP MEASUREMENTS 
 
  
Predicting Decline in Unconventional Reservoirs Using Analytical and Empirical Methods 33 
 
 
APPENDIX F – ANALYTICAL MODEL HISTORY MATCHES AND CROSS-CHECKS 
 
 
 
Fekete Harmony software was used to create and history-match the analytical EFR models. 
 
 
 
 
FIGURE F.1 – HISTORY MATCH (BARNETT) 
 
 
 
FIGURE F.2 – HISTORY MATCH (WOODFORD) 
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FIGURE F.3 – HISTORY MATCH (BAKKEN) 
